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The present contribution summarizes the main results of isotopic tracing concerning the
atomic transport during growth of very thin (<10 nm) SiO2 �lms in dry O2. The tracing
experiments are combined with nuclear reactions analysis leading to high resolution depth
pro�ling. The growth mechanisms are discussed in terms of the injection of silicon atoms
from the substrate, and/or silicon clusters formation, as well as defects migration and inter-
face roughness.

I. Introduction

The Deal and Grove[1] model is generally accepted

for a description of the oxidation of silicon in dry O2

in the case of SiO2 �lms thicker than 20 nm, although

signi�cant deviations occur for the growth kinetics at

low pressure or low temperature[2;3]. In the case of

thin oxides (below 20 nm) deviations from this model

are observed, even at high temperatures and/or pres-

sures, due to an enhancement of the growth rate in

the early stages of oxidation[1]. Many models[2;4�8]

based on kinetics data were proposed to account for

these deviations. Among the numerous models pro-

posed to explain oxide growth in the very thin regime,

none has yet been accepted as more valid than the oth-

ers. In the process simulation software ATHENA[9], the

semi-empirical model of Massoud et al[10], that yields

reasonable agreement with kinetic data for thicknesses

above 5-10 nm is implemented. In this model, a growth

rate term, that decays exponentially with thickness and

containing three independant parameters, is added to

account for the accelerated initial growth. When the

thickness of SiO2 �lms is reduced below 10 nm, mod-

ellization of thermal growth requires a larger number

of �tting parameters, in particular because the oxida-

tion process becomes strongly dependent on the fea-

tures of the SiO2/Si interface[2]. Another important

aspect which must be investigated is the in
uence of

the roughness of the Si substrate on the initial stages

of the oxidation process. Moreover, since the roughness

of the SiO2/Si interface was seen to depend on the pre-

oxidation cleaning procedure[2] , the role of substrate

cleaning on the growth mechanisms of thin SiO2 �lms

should also be investigated. Therefore, for an accu-

rate modellization needed for deep submicron devices,

analysis of kinetics data have to be complemented by

various types of experiments capable of identifying and

quantifying the key parameters controlling growth in

the early stages of silicon oxidation.

Isotopic tracing of oxygen is well suited to con-

tribute to the understanding of silicon oxidation in the

early stages stages since it brings crucial informations

on atomic transport during growth. The present con-

tribution studies the dry oxidation of silicon for �lms

thinner than 10 nm by means of isotopic tracing exper-

iments in combination with nuclear reactions analysis

(NRA) leading to high resolution depth pro�ling.
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The atomic transport mechanisms involved in the

growth of SiO2 �lms thicker than 20 nm were previ-

ously studied in our laboratory using isotopic tracing

experiments. As many aspects of the atomic transport

involved in the growth of these thicker �lms are still rel-

evant when the case of very thin �lms is considered, an

update of the main results of isotopic tracing concern-

ing these thicker �lms is presented as a basis to discuss

the mechanisms of thermal growth in the case of very

thin �lms.

II. Methods

The principles of isotopic tracing have been exposed

in detail in previous publications[11;12: in the case of dry

thermal oxidation, a silicon oxide �lm is �rst grown in

natural O2 (99.759 % of 16O, 0.037 % of 17O, 0.204 %

of 18O), hereafter called 16O2, and then in O2 highly

enriched (�98 %) in 18O, called 18O2. The various pos-

sibles growth mechanisms can be associated with dif-

ferent 18O concentration versus depth pro�les in the

oxide �lms, that is, plots of the 18O local concentra-

tion ([18O][18O+16O]) in the oxide �lms (see Fig. 1).

Therefore the knowledge of these pro�les leads to the

investigation of growth mechanisms taking place, which

must be also consistent with the kinetic data.

The atomic areal densities of 16O and 18O in the

SiO2 �lms were determined by non resonant nuclear re-

action analysis. General principles of dosing by NRA

have been detailed by Amsel et al.[13]. The following re-

actions were used in the present work at non resonant

energies:

18O(p,�)15N, induced by a proton beam of 0.73 MeV,

with a detection at 150� [13]

16O(d,p0)17O, induced by a deuteron beam of 0.81

MeV, with a detection at 90� [14].

The number of detected particles (� or p, respec-

tively) is proportional to the atomic areal densities of

16O or 18O in the �lm. The absolute values are deter-

mined within 3% by comparison with standards. The

detection limit is about 1013 at.cm�2 for 18O, and 1014

at.cm�2 for 16O [15]. The areal densities of oxygen can

be converted into equivalent SiO2 thicknesses: by as-

suming a density of 2.21 g. cm�3 for the SiO2 �lm,

1015 O at.cm�2 correspond to 0.226 nm of SiO2.

Figure 1. Illustration of how the labelling technique can
be used to identify the mobile species and their transport
mechanisms. Silicon is �rst oxidized in natural oxygen and
then in oxygen highly enriched in 18O. Four types of atomic
transport are represented as well as the corresponding 18O
depth pro�les: (a) only silicon is mobile; (b) only oxygen is
mobile and moves interstitially without reacting with the sil-
ica network; (c) only oxygen is mobile and is transported by
a step-by-step motion of network oxygen atoms, in a simple
di�usion process; (d) only oxygen is mobile and is trans-
ported by a step-by-step motion of network oxygen atoms,
only in the direction of the growth. Black dots stand for
silicon, white dots for oxygen.

We used two methods for the depth pro�ling. The

�rst one is a step-by-step chemical etching combined

with non resonant nuclear reactions analysis, while

the second one is high resolution depth pro�ling using

the very narrow (�100 eV) nuclear resonance of the

18O(p,�)15N reaction at 151 keV. In the �rst method,

the sample is cut into several pieces which undergo dips
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in an etching solution based on hydro
uoric acid (HF)

for increasing time intervals, in order to remove increas-

ing thicknesses of the oxide �lm. The amounts of 16O

and 18O atoms remaining in the samples are measured

in each piece using the reactions described above. From

these data, the pro�les of 16O and 18O are deduced[16]

with a depth resolution of about 2 nm. The nuclear re-

action resonance used in the second method was already

studied in detail[17] and its application to high resolu-

tion depth pro�ling of 18O was demonstrated in ref.18.

The number of detected �-particles as a function of the

energy of the incident proton beam (excitation curve) is

recorded for energies above the energy of the resonance.

This excitation curve is an image of the 18O depth pro-

�le, which can be extracted using SPACES, a personal

computer implementation of the stochastic theory of

energy loss[19;20], and the GENPLOT program[21], used

to perform the convolutions of the various components

contributing to an excitation curve[22]. The depth res-

olution in this case is better than 1 nm near the surface

in a grazing incidence geometry[18]. The high depth

resolution is the consequence of the low width of the

resonance ( �100 eV) associated to the high value of

the stopping power in silicon oxide for protons at these

low energies (475 keV/(mg.cm�2) at 150 keV [18] corre-

sponding to 105 eV/nm). An example of this high near

surface sensitivity is shown in Fig. 2, where the excita-

tion curve and two di�erent simulations from a silicon

oxide sample with 10.7 � 1015 18O at.cm�2 near the

external surface of the �lm are presented. The sensitiv-

ity of the resonance allows one to distinguish clearly an

erfc pro�le from a rectangular pro�le near the surface

(see Fig. 2).

It has to be noticed that oxygen measurements using

NRA cannot be performed accurately on boron-doped

silicon samples. This is due to the presence of the 300

keV- wide resonance of 11B(p,�)8Be at 662 keV [23].

An alternative mean to achieve high resolution

depth pro�ling is Medium- Energy Ion Scattering[24],

which allows pro�ling of both isotopes of oxygen.

Figure 2. Excitation curve of the 18O(p,�)15N nuclear re-
action at 151 keV recorded in perpendicular geometry for a
SiO2 �lm grown �rst in natural oxygen at 1000�C in nat-
ural oxygen up to 20.5 nm and reoxidized under 10 kPa of
97% 18O enriched oxygen at 930�C for 5 h. The 18O depth
pro�le used for the simulation (solid line) of the experimen-
tal curve is shown also in the �gure: at the external sur-
face the 18O depth pro�le assumed is an erfc with a surface
concentration of 97% and (D�t)1=2 equal to 2.2 nm, near
the SiO2-Si interface, the 18O concentration is constant and
equal to 97%. The dot line represents the simulation of the
excitation curve when the erfc distribution near the surface
is replaced by a rectangular pro�le of same area and same
surface 18O concentration.

III. Experimental procedures

The thin oxides were grown on 2" Si(001) wafers,

phosphorus-doped, with nominal resistivity 1-10 
.cm,

in a ultra-high vacuum technology rapid thermal

furnace[14], where a background vacuum in the 10�6

Pa range is reached in the oxidation zone, before intro-

duction of a controlled static pressure of oxygen. The

set-up, schematically represented on Fig. 3, recieves 2"

or 3" silicon wafers in a storage chamber. A valve iso-

lates the quartz tube from air during introduction of

the wafers in the storage chamber. The two handlers

are used to place one wafer on the mobile sample holder

in the quartz tube. When the quartz tube is isolated

from the storage chamber by closing the valve, the ox-

idizing gas may then be introduced in the tube. The

mobile sample holder allows to put the wafer inside the

furnace where it is oxidized. A mass spectrometer per-

mits to analyse the labelled oxidizing gas. The 18O2

or 16O2 oxidations above 20 nm were performed, for

most of them, in a set-up of similar type build around

a conventional Joule e�ect furnace[3].
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Figure 3. Schematic drawing of ultra high vaccum technol-
ogy RTP furnace used for sequential 16O/18O oxidations.

Prior to oxidation, the silicon substrate is submitted

either to a hydro
uoric acid (HF) -based wet cleaning

or a rapid thermal cleaning (RTC) performed in situ

at 1100�C for 5 s under a residual pressure lower than

10�5 Pa.

IV. Growth mechanisms for silicon oxide �lms

thicker than 20 nm

In this section will be reviewed and updated the ma-

jor results established through isotopic tracing exper-

iments for thick �lms (20-260 nm) grown in the con-

ventional furnace. The oxidations were performed at

temperatures ranging from 880 �C to 1090 �C. Static

pressures of O2 were in the range 4 - 104 Pa.

Fig. 4 shows a typical excitation curve of the nar-

row resonance at 151 keV of the 18O(p,�)15N reaction

for these �lms, as well as the 18O depth pro�le used for

the simulation of the experimental curve. The heavy

isotope is mainly found near the external surface and

at the SiO2/Si interface. The 18O concentration in the

bulk of the SiO2 �lm is 0.2 % [12;16], which corresponds

to the natural abundance of the heavy isotope. Near

the external surface, 16O-18O isotopic exchange is ob-

served. There is no measurable 16O/18O mixing at the

boundary between the 16O-rich oxide layer and the 18O-

rich oxide layer closer to the SiO2/Si interface. The 18O

labeling of the 18O-rich oxide layer at the SiO2/Si inter-

face is constant and equal to that of the the gas within

0.5 % [16;25].

On the other hand, in the surfacial region, the 18O

concentration is distributed within the 16O-rich layer

as a complementary error function, with origin at the

surface and a 18O labelling at the surface equal to that

of the gas.

These results evidence two di�erent and non-

correlated mechanisms for the �xation of the oxidizing

species. In the �rst one, the heavy isotope goes through

the pre-existing oxide matrix without any measurable

interaction with it (the 18O in the bulk of the SiO2 �lm

has always been found in its natural abundance), react-

ing with Si atoms from the substrate and beeing �xed

near the interface, promoting �lm growth. This mech-

anism is in accordance with the Deal and Grove theory

which assumes an interstitial di�usion of O2 molecules.

The �xation near the oxide surface, consisting in a few

1015 18O atoms/cm2, occurs due to a mechanism re-

lated with a step-by-step motion of network oxygen

atoms, by a simple di�usion process, induced by the

presence of network defects essentially created near the

external surface[16;26].

It was observed an increase in the amounts of 18O

found near the external surface (FNES), when the ini-

tial oxide thickness decreases[16] . This dependence on

the thickness was also observed by Han et Helms[27],

using Secondary Ion Mass Spectroscopy. The amount

Ns of
18O FNES is equal to[28]:

Ns =
2
p
D�tp
�

C18
s ; with D� = Dd

Cd

NN

where C18
s is the 18O surface concentration, t is the

duration of the 18O2 oxidation, D
� is the e�ective dif-

fusion coe�cient of 18O, Dd and Cd are respectively,

the di�usion coe�cient and the concentration of the

defects, and NN is the oxygene atoms concentration of

the silica network. Therefore, an increase of the 18O

FNES is due to an increase either of the di�usion coef-

�cient of the defects, or of their concentration. In this

range of thicknesses, an increase of defect concentration

due to a greater supply of electrons from the substrate,

is unlikely to explain this thickness dependence. The

variation in the amount of 18O FNES with the oxide

thickness could then be interpreted as: (i) a structural

change during the growth, (ii) an enhancement of de-

fect concentration in connection with the growth rate.

This last hypothesis has been ruled out by measuring

amounts of 18O FNES, after the same treatment under
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18O2, on two kinds of samples of the same initial thick-

nesses, but of very di�erent growth rates (the growth

on one kind of samples was widely inhibited by a few

1015 N+.cm�2 implanted at the SiO2/Si interface af-

ter the oxide growth in 18O2)
[29]. The amounts of 18O

FNES as well as the 18O depth pro�les were identical on

the two types of samples, whereas the interface growth

rate was 25 times slower on the samples with nitro-

gen. These amounts were measured through step-by-

step dissolution combined with non resonant NRA[29],

and by resonant NRA[30]. This result also evidences the

independence of the two mechanisms responsible for the

�xation of 18O atoms in the SiO2 �lm.

To investigate these defects, a study of the amounts

of 18O FNES as a function of oxidation pressure (4 to

104 Pa) under 18O2 was carried out[12]. These amounts

support a P
1=4
O2

law. This favours, among the defects

relevant to atomic di�usion[31], the peroxyl bridge (O-

O bond, equivalent to an interstitial oxygen atom) as

the defect responsible for the step-by step motion of

oxygen atoms. To show this, we state that the peroxyl

bridge is formed by the reaction:

O2 + 2 � Si �O � Si
 ! 2 � Si �O � O � Si:

Owing to the law of mass action, for a transport by

peroxyl bridge, the concentration of defects will be ro-

portionnal to the square root of the O2 pressure, and

therefore Ns will be proportionnal to PO
1=4
2 .

The areal density of intrinsic EX centers, deter-

mined by electron-spin resonance and interpreted in

terms of an oxygen-excess center located within 4 nm of

the external surface was also seen to increase as the ox-

ide thickness decreases[32;33] . The peroxyl bridge may

be related to the presence of these paramagnetic cen-

ters.

Under the supposition of a concentration gradient

for the defects, a part of 18O FNES participates of

the growth. Based on calculations of the total 
ux of

oxygen atoms due to the network defects during the

thermal treatment, apart of isotopic exchange, if a con-

centration gradient of the defects exists a part of 18O

FNES will take part on the �lm growth[12]. The growth

related to the network defects was quanti�ed in Ref.12.

Within the frame of these experiments, it lies between

3� 10�4 and 9� 10�2, evidencing that the �lm growth

occurs essentially due to the other mechanism, the one

characterized by Deal and Grove. Summarizing, the

growth related to the network defects is expected to

increase linearly with the oxidation time and with the

square root of 18O2 pressure. It increases also when the

initial oxide thickness is decreased and when the oxida-

tion temperature is increased. The results of Costello

and Tressler[34] evidenced this trend of the tempera-

ture dependence. They performed 16O-18O sequential

oxidations at 1300�C and observed a constant pro�le

throughout the oxide �lm for the 18O concentration, the

growth probably occurring essentially by defects di�u-

sion.

Under the assumption that these two mechanisms

are still those involved for thinner �lms (� 5 nm), ex-

trapolations of our results to this thickness range sug-

gest that oxidations at atmospheric pressure, even at

temperatures as high as 1100�C, will produce �lms

where the growth by defects di�usion should not ex-

ceed a few percent of the total growth. On the other

hand, for oxidations carried out at much lower pres-

sure (102 Pa or less) and at temperature above 1000�C,

the �xation of oxygen due to defects di�usion might be

the dominant mechanism. Therefore, we want to point

out here that there is a competition in the relative im-

portance of these mechanisms in which the oxidation

parameters play a major role.

V. Isotopic tracing experiments for silicon oxide

�lms thinner than 10 nm

The growth mechanisms of very thin �lms grown in

the ultra-high vacuum conventional Joule e�ect heated

furnace have been also previously studied in our lab-

oratory at lor temperature and/or pressure[3] . In this

section, however, only the 18O depth pro�les in very

thin SiO2 �lms grown in the RTP furnace will be pre-

sented. While for thicker oxides the oxygen pressure,

substrate orientation and oxidation temperature are the

main parameters governing the oxidation process and

therefore the oxide quality, for thinner oxides the wafer

cleaning process becomes a key step in obtaining high

quality oxides[2;35;36].

In order to investigate the e�ect of the silicon sub-

strate cleaning procedures and of the growth param-

eters on the oxidation process, we have chosen three

di�erent wafer cleaning procedures prior to oxidation:
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i) HF/H2O: a dip in HF 48% in water for 30 s fol-

lowed by a rinse in deionised water for another 30 s ; ii)

HF/ethanol: a dip in HF diluted at 4 % in ethanol for

30 s followed by a rinse in ethanol for another 30 s ; and

iii) rapid thermal cleaning (RTC) performed in situ at

1100�C for 5 s under a base pressure lower than 10�5

Pa. The choice of these cleaning procedures aimed the

comparison of the atomic transport during oxidation

of silicon substrates presenting di�erent surface rough-

ness. It is known that the HF/ethanol cleaning mini-

mizes the roughness of the silicon surface and improves

the electrical properties of the oxide grown over it when

compared to a similar sample cleaned by HF/H2O [37].

Furthermore, a previous study of the ageing in air at

room temperature of clean Si surfaces (amount of oxy-

gen atoms �xed on the surface exposed to air as a func-

tion of time) prepared by various wet cleaning proce-

dures 38 showed that HF/ethanol leads to only 0.25

nm (equivalent thickness) of SiO2 after four hours of

exposure to air and to 0.9 nm after 22 days, which was

the lowest value found among all tested cleanings pro-

cedures. On the other extreme, HF/H2O presents the

highest incorporation of oxygen after four hours (0.45

nm) and this amount was seen to increase steeply up to

1.4 nm after 22 days. These results evidence the very

di�erent silicon surface stabilities induced by these two

wet cleaning procedures. RTC of the wafers was seen to

yield to MOS capacitors exhibiting high leakage current

and inhomogeneities in the number of �xed charges in

the oxide 39. Fig. 4 and Fig. 5 show the excitations

curves of the 18O(p,a)15N nuclear reaction near 151

keV, as well as the 18O depth pro�les obtained from the

simulations, for four representative silicon samples. In

Fig. 4 the samples were oxidized for 10 s in 16O2 then

for 20 s in 18O2 at 1050 C under 8.4 kPa of oxygen.

In (a) the silicon sample was cleaned with HF/ethanol,

and in (b) with HF/H2O. In Fig. 5 only the durations of

oxidation were modi�ed: 60 s in 16O2 followed by 150 s

in 18O2. To improve the depth resolution for these thin

�lms a tilt angle of 72 between the normal to the sam-

ple and the direction of the beam was used. Due to the

di�culty in controlling the etching rate for these very

thin �lms, chemical etching in conjunction with NRA

of the same samples led to pro�les with a worse depth

resolution, but still consistent with the ones presented

here[40].

Figure 4. Excitation curve of the 18O(p,�)15N nuclear reac-
tion at 151 keV obtained on SiO2 �lms grown for 10 s under
16O2 and then 20 s under 18O2. The oxidations of the wafers
were performed under 8.4 kPa of oxygen at 1050�C. Prior to
oxidation the wafers were submitted to one of the HF-based
cleaning procedure described in the text: (a) HF/ethanol;
(b) HF/H2O. A tilt angle of 72 between the normal to the
sample and the direction of the beam was used to improve
depth resolution. The 18O depth pro�les used for the simu-
lations are shown in the �gure.

It is noticeable that the �nal thicknesses of the SiO2

�lms depends on the cleaning procedure. RTC leads to

thicker oxides than HF/H2O cleaning 40 and HF/H2O

leads to thicker oxides than HF/ethanol cleaning (see

Fig. 4 and Fig. 5).

After the shortest oxidation duration, the two wet

cleaning procedures produce similar 18O depth pro�les:

a small amount of 18O (about 3�1014 cm�2) is �xed

nearby the surface, while most of the 18O is �xed near

the interface in an oxide layer composed of about 50 %

of 18O and 50 % of 16O. The high energy tail, in the case

of of the HF/H2O cleaned sample, not �tted, may be

attributed to the high topographical surface roughness
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of the sample.

Figure 5. Excitation curve of the 18O(p,�)15N nuclear re-
action at 151 keV obtained on SiO2 �lms grown for 60 s
under 16O2 and then 150 s under 18O2. The oxidations
of the wafers were performed under 8.4 kPa of oxygen at
1050�C. Prior to oxidation the wafers were submitted to one
of the HF-based cleaning procedure described in the text:
(a) HF/ethanol; (b) HF/H2O. A tilt angle of 72� between
the normal to the sample and the direction of the beam was
used to improve depth resolution. The 18O depth pro�les
used for the simulations are shown in the �gure.

After the longest oxidation duration, in both cases

a pure Si18O2 (a SiO2 layer with an isotopic labelling

equal to that of the 18O-enriched gas) is formed near

and at the Si-SiO2 interface. Di�erently from the case

of thicker �lms, presented in the previous section, there

is an 16O-18O mixing in the bulk of the oxide. This

mixing was also observed at lower oxygen pressures by

Gusev et al. using Medium-Energy Ion Scattering[24].

This mixing is stronger when the silicon surface was

cleaned in HF/H2O compared to HF/ethanol cleaning

procedure. RTC is seen to lead to much stronger mix-

ing than HF/H2O
[40]. In the case of the HF/ethanol

cleaned sample we estimate the amount of 18O �xed

near the external surface to 3� 1015 at.cm�2.

VI. Growth mechanisms for silicon oxide �lms

thinner than 10 nm

In the case of silicon oxide �lms thicker than 20 nm

there are apparently two independent mechanisms re-

sponsible for the O �xation and �lm growth: interstitial

movement of O2 molecules through the oxide network

to react with Si atoms at the interface, and step-by-step

motion of O atoms by simple di�usion induced by the

presence of network defects near the external surface.

For thinner �lms, the situation seems to be more com-

plex. The 18O found near the surface of very thin �lms

of silicon oxide after sequential 16O2-
18O2 oxidations

may be attributed to a mechanism of creation and dif-

fusion of atomic oxygen network defects similar to the

one acting in thicker �lms. However, di�erently from

the case of thick �lms, the distribution of 18O near the

surface did not reach a maximum concentration equal

to that of the gas, even for oxidation times in 18O2 as

long as 150 s.

The absence of a pure Si18O2 layer near the inter-

face for �lms thinner than 5 nm (see Fig. 4) can be

explained either by interface roughness or by the injec-

tion of silicon atoms from the silicon substrate, as sug-

gested by several authors[41�43]. This last suggestion

has some aspects in common with the reactive layer

model proposed by Stoneham et al.[44]. In the case of

ultra thin �lms, injected silicon atoms could be still in

excess to the O2 molecules. These injected atoms would

coalesce to form Si fragments in the oxide during the
16O2 oxidation. Finally, these Si clusters would then be

oxidized during the 18O2 treatment leading to an 16O-
18O mixing. There are experimental evidences by STM

(Scanning Transmission Microscopy)[45] and RHEED

(Re
ection High Energy Electron Di�raction)[3] for sil-

icon clusters formation in ultra thin �lms of silicon

oxide (<1.5 nm). Furthermore, silicon clusters pro-

vide additional reaction sites for the O2 molecules and

can explain the higher oxidation rates observed in this

thickness range. The e�ect of silicon clusters on the
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oxidation rate was modelled assuming spherical silicon

clusters[46] , leading to an order 3 polynomial oxidation

time dependence for the oxide thickness. This model

was applied to �t kinetic data for oxides grown in the

rapid thermal oxidation furnace at temperatures rang-

ing from 1000�C to 1200�C and under oxygen pressures

ranging from 4 to 14 kPa on silicon wafers cleaned

by RTC. The parameters extracted from this �tting

showed that the areal density of silicon atoms form-

ing the initial clusters and the oxide thickness at which

they disappear increase with temperature and oxygen

pressure. Based on this model, after 10 s of oxidation

at 1050�C, corresponding to oxides thinner than 10 nm,

Si fragments should be present in the bulk of the oxide.

A pure Si18O2 layer nearby the interface, resembling

the Deal and Grove mechanism, was seen to be formed

for the thicker �lms. However, even for these �lms,

the Deal and Grove mechanism alone cannot account

for the 18O �xation near the Si- SiO2 interface, since

a higher mixing between the 16O-rich and the 18O-rich

SiO2 layers associated to a higher thickness of the �lms

occur. See Ref.40 for a comparison between HF/H2O

cleaning and RTC: for the same oxidation parameters,

RTC was seen to lead to a thicker oxide and to a higher
16O-18O mixing than HF/H2O cleaning. The e�ect of

the cleaning procedure on the 16O-18O mixing can be

explained either by a greater interface roughness or by

an increase of the oxygen defects density in the bulk of

the oxide, but not by the presence of Si clusters. Mobile

defects would induce an 16O-18O mixing between the

pure Si18O2 layer near the interface and the bulk of the

Si16O2
[16], and a concentration of defects much higher

for thinner �lms would reveal a mixing not observed

for thicker �lms (compare the gradual 16O-18O bound-

aries in Fig. 5 with the abrupt one of Fig. 2). The

presence of Si fragments cannot account for this mixing

since after 60 s of thermal treatment in 16O2 their pres-

ence was ruled out both by channeling experiments[47],

where stoichiometric SiO2 �lms were observed for such

thicknesses, and by the model proposed in Ref. 46,

which predicts that Si fragments would be already to-

tally consumed after this oxidation step.

VII. Conclusion

The isotopic studies presented in this paper al-

lowed us to suggest possible mechanisms involved in the

growth of very thin SiO2 �lms: silicon injection, silicon

clusters formation and defects migration. In an attempt

to further clarify the intricate phenomena occuring dur-

ing the �rst stages of dry oxidation of silicon, in par-

ticular silicon injection, isotopic studies using 29Si and
30Si associated with very narrow nuclear reactions reso-

nances, allowing high depth pro�ling resolution, should

be performed.

For deep submicron technologies, thermal oxyni-

trides are currently investigated to replace SiO2 grown

in oxygen, as gate dielectrics. The narrow resonance (�
30 eV) of 15N(p,�)12C at 429 keV allows the use of iso-

topic tracing experiments associated with high resolu-

tion depth pro�ling to investigate on the atomic trans-

port in these oxynitrides.
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